Elliptical nano-bumps on nickel-phosphorus coated aluminium (NiP/Al) hard disks were fabricated by a laser texturing system (maximum power 8 W, maximum frequency 300 kHz). By carefully selecting the level of laser power attenuation and defocus offset distance, bump height can be controlled below 6 nm and down to the sub-nanometre scale. This type of laser-induced texture (elliptical shape) on a disk surface is expected to provide better control of the stiction force along with the smallest separation distance between the head slider and the disk. Quantitative modelling based on the classical Hertzian theory for elliptic contacts has been carried out with the purpose of predicting the stiction behaviour of the presented elliptical shaped sub-10 nm bumps. It has been found that an elliptical shape not only reduces the overall stiction performance of the laser texturing zone (LZT) compared to the conventional circular shape but also extends the occurrence of the 'stiction wall' towards the sub-10 nm regime for ultra-low-glide applications.
Introduction
In the hard disk drive (HDD) industry, increasing magnetic storage densities require an ultra-low-flying height (below 10 nm) so that the head slider can perform the read/write operation [1, 2] . At storage densities greater than 10 Gb in −2 , bump heights below 15 nm are necessary [3] . If a 1 Tb in −2 aerial density is to be achieved, a head-media spacing (HMS) of 6.5 nm will be required, but this has already been established to go beyond the set of physical limits so far explored [2] . Inherent to the tendency to lower the flying height, is the rise of some tribological issues such as a low glide resonance, less head-disk interference and reduced stiction. To fulfil such requirements, a textured take-off and landing zone placed near the inner diameter of the disk should be carefully designed and generated [4] . Typically, the textures employed for this application are either craters or bumps. Whatever the shape, a smaller cross-sectional area causes fewer perturbations during the slider's motion. Moreover, it has been identified that this parameter which depends on the bump or crater width has the largest influence on the slider's operating flying height [5] .
Stiction is a critical tribological parameter during HDD operation. It is related to the adhesion tendency between two surfaces that are in close proximity. Therefore in order to overcome surface adhesion, a threshold force value is required. This is known as the stiction force, which in a hard disk must be very low so that the head slider can fly smoothly during takeoff and landing operations without damaging the disk and the head. This value strongly depends on the texture characteristics of the landing zone such as bump shape, diameter, height and distribution [6, 7] . Another tribological parameter that must be considered is the wear of the head-disk interface (HDI). This damage occurs due to impacts during the contact start/stop (CSS) process, and surface texture can be adapted to minimize it [8] . It has also been established that in order to achieve the optimum surface texture that will reduce stiction and HDI wear, there must be a compromise between all the bump characteristics. However, it has to be remembered that the bump height is an imperative factor in the design of the flying conditions of the slider, as this determines the storage density of the magnetic disk.
Hard disk laser texturing at the nanometre scale has been successfully demonstrated by various authors [1, 7, [9] [10] [11] [12] . Nevertheless, a particular type of nano-bump with an asymmetric profile has also been generated on a NiP/Al substrate. By scanning the beam along the lateral direction, elliptical bumps consisting of a peak on one side and a valley on the other have been textured on the disk surface. Several studies have acknowledged how this asymmetrical bump having an elliptical contact area shows good wear durability, faster take-off/landing response and lower glide resonance and stiction than the symmetrical circular crater shape [10, [13] [14] [15] [16] [17] . All the aforementioned conditions are critical for ultra-low-flying HDIs.
In this paper, we present the outcome of texturing a NiP/Al disk by employing a commercial laser texturing system that delivers excellent repeatability and height accuracy control. To be able to modify the shape, a rectangular mask was introduced in the optical setup. In this way, after a single pulse exposure the bumps attain an elliptical shape that can be tested for low-flying height applications. The fabricated features exhibited an aspect ratio of ∼2:1 (18 μm along the major axis, 9.5 μm along the minor axis), and heights as low as 0.5 nm, with extremely high repeatability (±0.4 nm). In addition, an improved mathematical model to predict nanobump geometry on stiction characteristics has been employed. This is expected to aid the optimization of the laser nanotexturing process design and parameter selection for hard disk manufacture.
Laser processing experimental procedure
Laser irradiation of a NiP/Al disk was carried out with a commercial diode pumped Nd:YAG laser texturing zone (LZT) laser texturing system with the following characteristics: wavelength 1064 nm, pulse duration 82 ns, laser power 8 W and frequency 300 kHz.
This system is able to commercially produce bumps on NiP/Al disks with sub-nanometre accuracy and long term stability. These bumps can achieve 6-8.5 ± 0.4 nm heights, with a circumferential pitch of 16 μm (±1 μm) and radial pitch of 16 μm (±1 μm). This agrees well with the current industrial requirement of a standard deviation of less than 0.4 nm for the bump height and less than 0.2 μm for the bump diameter.
With a beam quality factor (M 2 ) of 1.04 and a beam diameter of 7 mm before focusing the beam onto the target by a single element lens ( f = 50 mm), the calculated focused spot size on the disk is 10 μm. In this way, at 0.8 W and 300 kHz the energy per pulse delivered to the disk is 2.67 μJ which results in circular bumps having a diameter of the same dimension as the spot size. A 3 mm×10 mm metallic mask was placed before the lens to shape the beam spot from circular to rectangular (see figures 1 and 2 for optical lay-out). A variable attenuator was used to control the laser fluence (pulse energy per spot area) delivered to the substrate.
By adjustment of the laser parameters (i.e. laser power, focal position) and the introduction of the rectangular mask, the structures were modified from 6 nm high elliptical nanobumps (figure 2) to sub-1 nm elliptical nano-bumps (figure 9). The LZT laser system enabled such sub-nanometre patterning on the material with the high precision of a few angstroms (1Å = 0.1 nm). The bumps exhibited a lateral size of 18 μm along the major axis and 9.5 μm along the minor axis with a periodicity of 17 μm.
Considering that a single pulse per bump was delivered and that the outer diameter (D o ) of the LZT band was set to 4.3 cm, 7505 bumps are to be textured during the first spin. As the laser operates at a frequency of 18 (10) 6 bumps min −1 , the starting spindle speed (ω o ) was set to 2398 rpm. In the same manner, an inner diameter (D i ) of 3.8 cm implied an end spindle speed (ω i ) of 2714 rpm for the process. Regarding the linear scanning speed along the radial direction, the equation for the Archimedean spiral was helpful to define the radial dimension of the textured zone as
where h is the step between each revolution and in the present case corresponds to the bump periodicity of 17 μm, R i is the inner radius of the spiral, and θ is the angular position in radians. By obtaining the first derivative of (1) with respect to time as follows:
it is possible to obtain an expression for the linear scanning speed of the process along the radial direction:
According to this relationship, the starting linear speed (v o ) along the radial direction was 0.679 mm s −1 and the end linear speed (v i ) was 0.769 mm s −1 . The linear scanning speed along the scanning (tangential) direction was 5.4 m s −1 . The production rate for this set of processing parameters is 6.9 s per disk. The processed samples were characterized by a highresolution (0.1 nm in the z-axis) white light interferometer (Wyko NT1100). 
Results
After laser texturing, a very distinctive shape was identified by the Wyko optical profiler. It consisted of an elongated elevation in the material in the form of elliptical bumps, as shown in figure 3 . These nano-bumps of an elliptical shape provide a minimized contact area without affecting bump density in the landing zone of a hard disk.
A closer examination of a 2D optical profile showed that these bumps present the typical 'sombrero' shape across the minor and major axes. This implied a high protrusion in the centre of the bump (height 6 nm ± 0.4 nm, diameter 5 μm), a depression around this protrusion (height < 1 nm) and a smaller rim in the periphery of the bump (height < 1 nm). The overall size of the bump along the minor axis was 9.5 μm (figure 4) and 18 μm along the major axis (figure 5). In both measurements (i.e. major and minor axes) the surrounding depression and rim that accompany the main bump can be noticed in the optical profile image as an intense blue and a white 'halo', respectively.
Uniform arrays exhibiting the aforementioned structures were readily obtained, as is shown in figures 6 and 7. Measurements showed a peak-to-peak periodicity of 17 μm across the minor and major axes of the bumps. However, due to the linking of the bumps across their major axis, the 'sombrero' shape was lost as the bumps became joined together at their peripheral depression. It is noted that texturing is influenced by the roughness of the substrate (R a : 0.2 nm) and even a small tilt of the plane surface can affect the topographic characteristics of these fine structures.
The original 'sombrero' bump with a circular shape (figure 8) is also presented in this paper to show the topographic properties of this feature and how it can be modified into an ellipse in order to provide all the tribological advantages described in section 1. It is also confirmed how these bumps were designed to attain a height of 3.5 nm with a small deviation of only a few angstroms (±0.4 nm). Precision is critical and of great importance in order to fulfil industry demands for low flying height (below 10 nm) in a hard disk application. The 2D optical profile of a high 'sombrero' bump is presented in figure 9 . The bump height was 3.5 nm, whilst the diameter was 10.2 μm; an interesting feature is that the central bump is not accompanied by a surrounding 'dip' or depression but by a smaller rim approximately 1 nm high. In the optical profile of the textured zone, the main bump is distinguished as a bright spot, whereas the surrounding rim exhibits a more subtle shade.
To further demonstrate the potential of the laser texturing system, bumps of sub-nanometre dimensions in the vertical scale were fabricated (figure 10). These bumps also followed the 'sombrero' profile and elliptical shape of the first bumps described in this paper. They were differentiated from the surface roughness of the disk because the main bump protrudes above the original surface by a few angstroms (∼0.5 nm ± 0.4 nm).
These sub-nanometre bumps also presented the typical surrounding depression of a 'sombrero' bump, which in this case is also on the angstrom scale (∼0.5 nm ± 0.4 nm) (see figure 11 ). The total lateral size of the feature (including the surrounding depression) along the minor axis of the ellipse is 12.4 μm, which is 3 μm larger than the 6 nm high elliptical bump reported earlier. This might be explained by the defocusing offset used during the experiments to attain a lower bump height [18] .
The 2D profile of the sub-nanometre bump across its major axis can be seen in figure 12 . The lateral dimension of the bump including the surrounding depression was 18 μm (in agreement with the 6 nm elliptical nano-bump mentioned earlier) and its height measured from the original surface was 0.5 nm, which confirms the height measurement made across the minor axis. As can be seen from the two-point profile, the surface of the bump appears to be quite rough, though it still has to be remembered that this is a consequence of the ultrashallow height of the bumps that is of the same order as the original roughness of the disk (R a ∼ 0.1-0.2 nm).
The height of the central bump measured from the bottom of the surrounding depression to the top was ∼1 nm (figure 13) and its diameter was 6 μm (along its minor axis). As reported in the literature, if the fluence value is further decreased, this central protuberance will keep reducing its height until an extremely small crater (a few angstroms deep) is formed. In our experiments this last feature was not achieved due to the fact that the bump's height (which is already small enough) is what determines the purpose of the texturing technique for a low-flying height application. Therefore, a crater without a rim around it was found to be of no use.
Naturally, this leads to the question: how small can the bump height be in order to still offer a competitive tribological performance? In order to assess this issue, a model was prepared to determine the benefits and possible limitations of the nanometre and sub-nanometre elliptical bump arrays fabricated in this work. Driven by an ever-decreasing HDI, modelling results are presented in section 4 and compared to the conventional circular shapes.
Discussion

Nano-ridge formation mechanism
During laser irradiation, energy is absorbed by the material and a melt pool is formed when the melting point of the material is reached. Depending on the energy fluence delivered during the process, different convective fluxes arise inside the melting pool due to surface tension gradients (thermocapillary effects). Because of this capillary phenomenon, such fluxes trigger a 'flush' movement in the melted material towards cooler areas of higher surface energy and when the cooling period starts and resolidification takes place, a permanent modification of the material becomes apparent in the form of a crater [19, 20] . However, chemocapillary effects [9, 21, 22] also play an important role in the final topography. They take place as surface composition gradients arise by temperatureinduced vaporization of some species (e.g. phosphorus and oxygen). Areas of lower surfactant concentration have a higher surface energy, which implies that chemocapillary forces resulting from chemical composition gradients can be large enough to reverse the localized flow due to thermocapillarity. Subsequently a 'sombrero' or bump shape can be produced.
The are four main types of bumps that can be identified as a result of decreasing the fluence (energy per area) of a nano-second laser interacting with a NiP/Al disk and the subsequent competition between thermocapillary and chemocapillary effects. They are: a deep crater with a low peripheral rim, a double rim or 'W' shaped crater (as the result of the centre of the crater moving upwards), a central dome (or the 'sombrero' shape) and a 'bowl' like shape (this appears when the central dome has reduced its height until it disappears) [9, 20, 21] .
Even though in this present paper there was a modification from a circular bump into an elliptical one, the final topography of the bumps was in accordance with the aforementioned shapes. For example, the 'sombrero' shape was clearly recognized in the 6 nm elliptical nano-bump and the subnanometre elliptical bump, for which the central dome extended along the major axis of the ellipse forming an elongated feature.
Stiction force modelling
To further study the effect of the elliptical shape and the reduced height of the bumps, mathematical modelling of the stiction force for elliptical Hertzian contacts was carried out. Liu and Li [13] investigated the stiction performance of tilted bumps (i.e. of asymmetrical shape) by modifying an existing stiction model developed by Gui and Marchon [23] for regular and random textures that included the meniscus effect of a liquid lubricant.
The elliptical bumps introduced in the present paper are not tilted, but because of their constant streamline geometry their contact area can be considered to be elliptical. Therefore, by employing the modified model for elliptical Hertzian contacts adapted by Liu and Li [13] , initial stiction performance was analysed and evaluated for elliptical bumps below 10 nm and in the sub-nanometre scale.
Hertz's classic contact theory has been used to predict the stiction values for symmetrical sombrero or crater bumps in which the radius of curvature of the bumps limits the model to a 1D case [23, 24] . However, an elliptical contact has to be examined as a 2D problem in which there are two different radii of curvature corresponding to the major and minor axis of the ellipse ( figure 14) .
The principal radii of curvature for the main axes of the contact ellipse can be calculated by considering the equation for the radius of a spherical cap:
where H is the height of the cap and r is the radius of the base area of the cap. In the case of the nanometre/sub-nanometre elliptical bumps presented in this paper: H r , so the equation reduces to
The equations that describe the stiction model for elliptical nano-bumps are presented in the following. First,
in which S is the initial stiction force between the elliptical contact and the head slider (flat surface), μ is the coefficient of friction, W is the head load, and F m is the total meniscus force. The latter is the result of a layer of liquid lubricant film between the bump and the slider. The menisci formed around the contact points due to surface tension has an inside pressure that pulls both surfaces together and creates an additional normal force [23, 25] . The meniscus force can be expressed as
Here P m is the meniscus pressure and A m the total area of the meniscus which can be calculated from the volume conservation of the lubricant under the effective area of the slider, A. γ is the surface tension of the lubricant, h is the elastically deformed bump height at rest, d 0 is the initial lubricant film thickness and N is the number of asperities under a slider. By acknowledging the Hertzian contact theory, the total elastic contact force, P, between multiple elliptical bumps and a flat surface can be computed by Figure 14 . Schematic of the elliptical nano-bump and its principal major and minor radii of curvature, R x and R y : (a) corresponds to the base area of the bump whilst (b) refers to the contact area between the head slider (flat surface) and the elliptical bump.
In (8), E * refers to the composite Young's modulus of elasticity of the interface, and E and K are the complete elliptical integrals of the first and second kind for the eccentricity (e) or elliptical modulus (k) of the contact ellipse. The definition of the latter parameter is
where a and b denote the major and minor semi-axes of the elliptical contact area. In view of the following approximation [26, 27] :
the complete elliptical integral of the first and second kind are defined as [28] :
To complete the model, the meniscus force can also be expressed as the difference between the contact force and the head load:
The listed equations were introduced in Mathematica 7.0 software to obtain a model that will show the stiction behaviour of the elliptical nano-bumps as a function of their height, relative radii of curvature, and periodicity. Model parameters were set as follows: lubricant surface tension of 25 mJ m −2 , initial lubricant film thickness of 2.5 nm, effective area of the slider of 0.5 mm 2 , composite Young's modulus of elasticity of 100 GPa, head load of 40 mN and coefficient of friction of 0.2. All these parameters were taken from the literature and have been used by other authors in the stiction modelling of the textured take-off and landing zone of NiP/Al disks [23, 24] . Our results were found to be good in agreement with those obtained by Liu and Li [13] .
As can be seen from the modelling graphs in figures 15(a) and (b), an extremely small nano-bump height below 10 nm can result in very high stiction. This is due to the fact that there is a minimum value in order for the bump size to have a significant influence in the performance of the LTZ.
Nevertheless, if the eccentricity (k) of the nano-bumps is varied ( figure 16(a) ), it can be observed that the initial stiction can be greatly reduced (∼50%) for elliptical shapes with a higher aspect ratio (i.e. a/b). It has to be recalled that the eccentricity of a circle is equal to zero, so when the elliptical aspect ratio of the bumps tends to a minimum and they appear more circular, higher stiction is expected. In figures 16(b) and (c), modelling curves are presented for k = 0.38 and 0.5 which confirms that a more elliptical geometry implies better stiction results as the bump height is reduced.
The influence of the bump dimensions also has an interesting role especially towards the sub-10 nm range. In figure 16(b) , it is seen that a bump with a dimension of 4.5 μm along its major axis is not suitable for a sub-10 nm HDI. But if the major axis dimension is set to be >9 μm, a landing zone covered in these elliptical bumps is more appropriate for this application. However, the ultimate design goal will be to achieve smaller stiction values, which could be attained if the streamline geometry gets more elongated as dictated by k ∼ 0.50. Figure 16(c) shows the predicted results for such bumps, which appear to be more favourable for the present application.
Another factor that could be modified in order to improve the stiction performance of sub-10 nm bumps is the thickness of the lubrication film, which could be taken to a minimum of 0.8 nm as suggested by Gui [2] .
From figure 16(d) it can be concluded that reduced texture heights benefit from a thinner lubrication film. For example, if the film thickness is reduced to 0.8 nm an elliptical bump of 18 and 9 μm along its major and minor axis, respectively, can be designed to attain a height of 10 nm in order to achieve an initial stiction force of 1.7g. This value can be contrasted against 3g for the same bump characteristics but with a lubricant thickness of 2.5 nm. Similarly, an elliptical bump having an eccentricity of 0.5 (e.g. 18 and 1 μm along its axis) is able to reach an initial stiction force of 0.6g for a 10 nm high bump. The height can be reduced further to 6 nm and the predicted initial stiction would be 1.7g.
These results indicate that the bump height can have a feasible minimum value if design parameters are carefully modified. According to their experimental results, Liu and Li recommended a 14 nm minimum height for an elliptical bump which could still show acceptable tribological performance: an experimental maximum stiction coefficient of 0.6g (their modelling results showed higher values of 1.2g for the same height). The current modelling results suggest that, a reduced height of 10 nm could also provide an initial stiction of 0.6g if the eccentricity was adapted to 0.50 and the lubricant thickness reduced to 0.8 nm.
By comparing the stiction performance of elliptical sombrero and circular crater shapes [24] it was found that the elliptical nano-bumps represent a more advantageous solution for the stiction performance of low-glide interfaces. This can be appreciated in figure 17 , in which the lowest height for a conventional circular crater (8 μm diameter) is 14 nm whilst the lowest height for an elliptical bump (18 and 9 μm, respectively, along its principal axes) is 9 nm.
These results indicate that elliptical bumps are not only adequate for the sub-10 nm ultra-low-flying height demanded by the hard disk industry, but yield to much lower stiction values than the conventional circular shapes even if a lubricant film thickness of 2.5 nm is considered. They also suggest that lower lubricant thickness values (e.g. 0.8 nm) will significantly decrease the initial stiction force (e.g. 2.3g for an 8 nm elliptical bump) and further extend the landing textured zone into the ultra-low-flying height region (<10 nm) (see figure 16(d) ).
Undoubtedly, an elliptical geometry is more favourable than a circular one for a LTZ application. However, it is interesting to note that for bump heights below 5 nm the theoretical limit in their stiction performance becomes a design challenge. An imminent 'stiction wall' for extremely low heights means that fabricating ultra-low regular bumps, though feasible, might be detrimental for the present application if the design parameters are not fine-tuned. So, the current goal not only requires the fabrication of the lowest bumps (as demonstrated in section 3) but also the design of a precise geometry (i.e. elliptical shape with a eccentricity value towards 1) and to consider other factors that might be influential in the HMS limits, such as disk/head overcoat and lubricant film thicknesses.
Conclusion
We have reported a regular array of nano-structures on a NiP/Al disk.
Their elliptical shape (in the form of narrow, elongated ridges) is expected to enhance the overall tribological characteristics of the landing zone [15] . The reported nanometre-and sub-nanometre-scale elliptical bumps possess a favourable geometry that could be tested for lowflying performance, including stiction, glide resonance, headdisk interference, take-off/landing response and durability in contact start/stop tests. At a production rate of 6.9 s per disk, another novel feature of this type of bump is that they can be designed to attain sub-nanometre height if required in order to meet industry requirements. The close relationship between stiction and wear performance [3] and the ever-decreasing head-media spacing prompted the stiction modelling in this work based on Hertz's classic contact theory for elliptical contacts. The obtained results may be used in the tribological optimization of surfaces that are in close proximity and relative motion (e.g. MEMs, sliding mechanical contacts). The model can also be applied to other kinds of substrates (i.e. glass, metals) and other applications in which stiction and wear are crucial concerns.
